Stable solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) formulations to enhance the dissolution rates of poorly soluble drug spironolactone (SP) were being developed. Probe ultra-sonication method was used to prepare SLNs and NLCs. All NLCs contained stearic acid (solid lipid carrier) and oleic acid (liquid lipid content), whereas, SLNs were prepared and optimised by using the solid lipid only. The particles were characterised in terms of particle size analysis, thermal behaviour, morphology, stability and in vitro release. The zeta sizer data revealed that the increase in the concentration of oleic acid in the formulations reduced the mean particle size and the zeta potential. The increase in concentration of oleic acid from 0 to 30% (w/w) resulted in a higher entrapment efficiency. All nanoparticles were almost spherically shaped with an average particle size of about ∼170 nm. The DSC traces revealed that the presence of oleic acid in the NLC formulations resulted in a shift in the melting endotherms to a higher temperature. This could be attributed to a good long-term stability of the nanoparticles. The stability results showed that the particle size remained smaller in NLC compared to that of SLN formulations after 6 months at various temperatures. The dissolution study showed about a 5.1-to 7.2-fold increase in the release of the drug in 2 h compared to the raw drug. Comparing all nanoparticle formulations indicated that the NLC composition with a ratio of 70:30 (solid:liquid lipid) is the most suitable formulation with desired drug dissolution rates, entrapment efficiency and physical stability.
INTRODUCTION
With the recent advent of high-throughput computational chemistry, the numbers of the poorly water-soluble or insoluble lead compounds have significantly risen. Spironolactone (SP) falls into this group due to its very low aqueous solubility and slow dissolution rate resulting in a variable and poor oral bioavailability (1) (2) (3) (4) (5) (6) . SP has widely been used over the last two decades to primarily treat edema, hypertension and cutaneous disorders (e.g. acne, hirsutism and androgenic alopecia) in the form of a tablet. Recent studies revealed that about 40% of the drug candidates are failing out the discovery pipeline due to their limited aqueous solubility. Thus, the solubility enhancement of poorly watersoluble SP is one of the key challenges in pharmaceutical research (7) . Various techniques have been reported to increase the dissolution rate of poorly water-soluble SP, such as cyclodextrin complexation approach, freeze-drying or lyophilisation, solid dispersion strategy, liposomal formulations and solid lipid nanoparticles (SLNs) approach (2) (3) (4) 8) . Bourezg et al. prepared a SP-loaded SLN formulation and reported as one of the efficient ways to enhance the dissolution of water-insoluble drugs (6) . Moreover, lipid nanoparticles (SLN and NLC) have the capability to enhance the dissolution rate by overcoming the low and variable oral bioavailability of various poorly water-soluble drugs (4, 9) . The increase in the dissolution is mainly due to a significant reduction in the drug particle size down to the nanorange leading to the higher surface area available for dissolution. In general, SLNs are produced using lipid carrier matrices that are solid at both body and room temperatures. An optimised combination of a solid lipid with a liquid lipid forms nanoparticles with more internal defects known as NLC (10) . These lipid nanocarriers are produced by partially interchanging the solid and liquid phases. One of the major limitations of SLN approach is the low drug loading capacity. Also, the drug leaking upon cooling and the possible negative effects of polymorphic transformations of the lipid used in the SLN are considered some drawbacks of the traditional SLN approach (11) . NLC can be used as an alternative efficient technique that contains the complex lipids and has a high drug loading capacity compared to that of SLNs (11) . In addition to the high drug loads, this NLC can contain up to 95% solid (12, 13) .
Generally, most of NLC and SLN formulations are not stable at high temperature or on storage. This instability can modify the dissolution behaviour of particles due to aggregation leading to a poor dissolution. Therefore, in the present work, attempts have been made to prepare the SP-loaded SLNs and NLCs by means of a probe-ultrasonication method to enhance the dissolution and stability of these nanoformulations. For the purpose of this study, stearic acid was used as a solid lipid while oleic acid as liquid lipid. To this end, effects of oleic acid concentration on the particle size were investigated and the physico-chemical properties of the bulk SP and SP-loaded lipid nanoparticles were studied. To explore more advantages for nanoformulations, their physical stability during 6 months of storage at various temperatures was also investigated.
MATERIALS AND METHODS

Materials
SP was generously provided by Behdashtkar Co. (Pasdaran, Tehran, Iran). Compritol® 888 ATO, Lipocire and Precirol® ATO 5 were supplied from Gattefossé (SaintPriest, Cedex, France). Stearic acid, oleic acid, Tween 80 (Tn80) and Span 80 (Sn80) were bought from Merck Co. (Germany). HPLC-grade acetonitrile was supplied from Merck Company. A Milli-Q system (Millipore, Direct-Q) was used to purify the distilled water. All solvents were either of analytical or high-performance liquid chromatography (HPLC) grades and were used as received.
Lipid Screening
The solubility of SP was studied in different solid lipid matrices with different proportion of oleic acid (0:100; 10:90; 20:80; 30:70) to select the most suitable lipid with a high encapsulation efficiency. Four different solid lipid matrices, namely Compritol® 888 ATO, Lipocire, Precirol® ATO 5 and stearic acid were used to determine the saturation solubility of SP keeping the drug concentration constant at 25% w/w (only in this concentration, the saturated solution of the drug can be obtained in the presence of stearic acid). For solid lipid screening tests, certain amounts of SP were added to the lipids and the mixtures were melted at 85°C under stirring condition. The presence of drug crystals was visually investigated to see which lipid is able to dissolve the added drug crystals completely. Furthermore, the solubility of SP in the molten solid lipid in combination with oleic acid as liquid lipid (90:10, 80:20 and 70:30) was assessed. The lipid mixtures were stirred using hot plate magnetic stirrer (Unimax 1010, Heidolph, Germany) at 85°C and 200 rpm. The presence of drug crystals in the molten lipid was visually assessed (see Table I ).
Preparation of SLN and NLC
Spironolactone-loaded SLNs (SP-SLN) and NLCs (SPNLCs) were manufactured and optimised via a process utilising a probe ultrasonication. The method has been adopted from the previously reported studies in literature (6, (14) (15) (16) . To prepare SLNs and NLCs, a carrier lipid in its solid form was melted at 85°C either alone or in combination with liquid lipid (oleic acid) and Span 80. The drug was then added and stirred until a complete dissolution was achieved. The aqueous solution of Tn80 (Tween 80) was then added to lipid phase under vigorous stirring using a high shear stress homogeniser Ultra-Turrax® (IKA, Heidelberg, Germany) for 5 min at 10,000 rpm. Upon optimising the homogenous m i x t u r e , t h e h e a t e d s o l u t i o n w a s t h e n s o n i c a t e d (Bandelinsonopuls, Berlin, Germany) for 5 min prior to dispersing it into an ice-cold surfactant solution (Tn80). When the solution was cooled to ambient temperature, a further sonication for 10 min was applied to yield the lipid nanoparticles. For more detail refer to Table II .
Particle Size and Zeta Potentials
A Zeta Sizer Nano ZS (Malvern Instruments, UK) was used to measure the average particle size and zeta potential of all SLNs and NLCs formulations at room temperature. All samples were run in triplicate and the results shown in Table II are the mean and SD values.
High-Performance Liquid Chromatography Analysis of SP
The drug content dissolved in the lipid nanoparticles were determined by using a HPLC assay. The HPLC was performed with an Agilent 1100 (Knauer, Berlin, Germany) equipped with an XDB-C18 column from Agilent (5 μm, Table I 
Determination of SP Entrapment Efficiency
To determine the SP entrapment efficiency (EE) in all SLNs and NLCs prepared, the amount of free unloaded drug was assessed by a centrifugation process. For this, SP-SLNs and SP-NLCs were centrifuged by using a HERMLE, Z36HK machine (Germany) for 20 min at 25,000 rpm, followed by a filtration with pore size 0.22 μm (n = 3). The drug content in the supernatant was determined by HPLC method as described above.
The EE of nanoparticles was calculated from Eq. (1).
Where, Wi and Wf are the initial drug amount and the drug present in supernatant, respectively.
Morphology Measurement
A field emission scanning electron microscope (FESEM, HITACHI S-4160) was used to analyse the surface of the prepared nanoparticles and the particle morphology. In order to prepare the samples for analysis, a drop of suspension of all formulations was placed on a double-sided carbon tape followed by an overnight drying step at 25°C. Prior to conducting the SEM study, the particles were subjected to a sputter coating with gold for 40 s. The images were taken at 30 kV at a magnification of ×30,000.
DSC Measurement
The solid state of the raw drug, lipids, lyophilised SPSLNs and SP-NLCs were studied by a differential scanning c a l o r i m e t r y ( D S C 2 0 4 F 1 , N e t z s c h , G e r m a n y ) . Approximately, 3-12 mg of solid samples were accurately weighed and placed into a standard aluminium pan and sealed. All thermal transitions were recorded at a heating rate of 10°C/min and all samples were heated from 30 and 220°C under N 2 atmosphere.
Stability Study of SLN and NLC
The physical stability of SP-loaded lipid nanoparticles were studied at various temperatures (4, 25 and 40°C) for 6 months. Approximately 5 ml of nanoparticle suspension were filled into glass vials and stored for 6 months. The concentration of the nanoparticles was adjusted at 2 mg/ml. At the end of the stability study period, the particle size analysis was conducted to monitor the effect of the storage condition on the solid lipid nanoparticles.
In Vitro Release Studies
In vitro dissolution studies were conducted by following the protocol of the USP II (DH1520 dissolution apparatus, ERWEKA, Germany). Lyophilized SP-SLNs and SP-NLCs equivalent to 10 mg of SP were put into the vessels containing 900 ml of 0.1 M HCl solution at 37.0 ± 0.2°C with a paddle rotation speed of 100 rpm. At different time intervals (20, 40 , 60, 80, 120, 240 and 1440 min), the samples (1.5 ml) were withdrawn from the dissolution vessels, centrifuged (20 min at 25,000 rpm) and filtered (pore size 0.22 μm). The concentration of SP was determined using a HPLC method as described above at 238 nm.
Statistical Analysis
The treated groups were compared with the reference sample (control) by an analysis of variance (ANOVA), following Dunnet's test. The SPSS software was used to perform all statistical analyses. The P value <0.05 was considered as significant. All the results are expressed as mean ± standard deviation.
RESULTS AND DISCUSSION
A low drug payload, drug leakage on cooling etc. are considered as some of the major challenges in the development of SLNs. So, nowadays, an alternative to SLNs, an NLC drug delivery system based on liquid lipid-solid lipid mixture may solve the limitations associated with the conventional SLNs. Unlike SLN, NLC contains the complex lipids. With the presence of oil in these mixtures a melting point depression compared to the pure solid lipid is observed in NLC without compromising the solid state of the final lipid compositions (11, 12) . Typically, at low concentrations of oil present in the NLC formulations, the oil molecules are distributed within the solid lipid matrix. An adverse effect can be observed when increasing the oil concentration due to the phase separation resulting in the formation of an oily nanocompartments are formed (13) . Therefore, the assessment of the most suitable lipid carriers to prepare stable nanoparticles was optimised as the first step. As shown in Table I , various lipids with different physical and chemical properties were selected. Unlike other lipids, stearic acid performed better in terms of producing a homogenous suspensions showing no drug crystals upon heating with the drug. Therefore, stearic acid was selected as the most suitable solid lipid to prepare SLNs. All other lipids as shown in Table I failed to dissolve SP completely.
It could be clearly observed from Table II that the average particle size and zeta potential decreased with an increase in the concentration of oleic acid (P > 0.05). These results were in agreement with previously reported studies (17) . An increase in the liquid phase (oleic acid) in the formulations reduced the viscosity of the NLC suspensions and thus the surface tension and the particle size with smoother surfaces (17) . However, Yuan et al. indicated that no obvious change in particle size was found when the oleic acid content in NLC was further increased (18) . In a separate study, it has been reported that when oleic acid at concentrations of 25 and 50% (w/w) was used no significant changes were observed on the average diameter and polydispersity index of NLC (19) . The phenomenon for zeta potential can be explained by this fact that oleic acid has negative charge because of its carboxylic groups. NLC3 revealed the highest zeta potential values, possibly due to the accumulation of oleic acid at the surface of the nanoparticles (19) . It is evident that the increased concentration of oleic acid resulted in the increased drug entrapment efficiency (Table II) (P > 0.05). It has been confirmed that the presence of liquid phase in the formulation provides enough space to accommodate the drug particles in the porous network of the system leading to an improved drug entrapment efficiency (17) . The solubility of the drug in the liquid lipid could probably be considered as another key factor for the improved entrapment efficiency.
Particle morphology of the optimal formulation (SP-NLC3) is shown in Fig. 1 . The average particle size is about 150 nm (particle size range 110-175 nm) with almost spherical shape and narrow size distribution. The SEM image showed that some of the nanoparticles were aggregated which could be due to the lipid nature of the carriers used in the presence study. This aggregation could also be due to the sample preparation prior to SEM analysis. Some of the particles in Fig. 1 are departed from being complete spherical shape which has also been reported for NLC (20) . Figure 2 shows the DSC thermal transitions of the raw drug (SP), stearic acid, SP-SLN and the optimised SP-NLC3 formulations. The endothermic event shown at around 213.2°C corresponds to the melting point of pure spironolactone (refer to Table III for more detail). In case of SP-SLN and SP-NLC3, no endothermic peak was observed in the melting range of SP ( Fig. 3 and Table III ). This could be attributed to the entrapment of the drug within the lipid. It could also be claimed that the drug may have been in the amorphous form homogeneously dispersed in lipid matrices (21) . Pure stearic acid showed a sharp endothermic event around 75°C corresponding to its melting endotherm. The corresponding melting endotherms of each crystalline components in the formulations shifted slightly at a lower temperature (Table III) . These differences are generally ascribed to the nanometric size of the particles and also partially could be due to the percentage of oleic acid in the formulation. This is in a good agreement with published data indicating a reduction in stearic acid melting point could be related to the content of oleic acid in the formulations (17) . Figure 3 shows the particle size of two formulations (SP-SLN and SP-NLC3) against storage time. The figure shows that the storage temperature and the storage time played a big role in the size growth of nanoparticles. For example, when the storage time was increased from 3 to 6 months at 40°C, the size of SP-SLNs significantly increased from around 400 to around 900 nm (P < 0.05). Similar trend was observed for SP-NLC3 formulations. Figure 3 also showed that within the first 3 months of the storage, no remarkable changes in the size of particles was observed compared to the size of nanoparticles immediately after the production. The figure also showed that, although the size of nanoparticles after 6 months at 4 and 25°C was increased compared to the samples stored for 3 months, this increase in the size was significantly smaller than the increase in the size of nanoparticles at 40°C after 6 months. This data indicated that the nanoparticles are more stable at 4 or 25°C compared to the samples stored at 40°C. This can be supported by zeta potential data reported in Fig. 4 . This figure showed that in the case of SLN formulations when the particles stored at different temperatures (4, 25 and 40°C) a significant reduction (P < 0.05) in zeta potential was only observed for the samples stored at 40°C for 3 and 6 months which could be due to the aggregation of particles at 40°C. It seems that these nanoparticles are more stable at lower temperatures. Similar results were obtained for NLC3 formulation.
These results are reflection of long-term stability of the nanoparticles at 4 and 25°C. This observation was confirmed by the assessment of the particle size homogeneity and absence of any phase separation (22) . Jenning et al. had used the wide-angle X-ray diffraction to study the polymorphic transitions of SLN made from stearic acid in oil/water cream (23) . They found that after 6 months, SLNs still remained in the nanoparticulate state. The good stability might derive from the slow transition of lipid in SLN and NLC and the steric effect of surfactant (24) .
Dissolution profile of freeze-dried SP-SLN, SP-NLC3 and raw drug were presented in Fig. 5 . The accelerated dissolution for SP-SLN and SP-NLC3 could be mainly ascribed to the reduced particle size providing a greater surface area compared to the particle size of raw drug. The SLN and NLC powder showed burst release in the early stage of dissolution compared to raw SP. This could be due to the diffusion of un-encapsulated drug from the particles surface followed by the diffusion from the core. The homogenously distributed oleic acid in nanoparticles may have been another explanation for steady release followed by burst release of NLC formulations. Hu et al. showed that the release rate at the initial stage increased with the increasing oleic acid content in nanoparticles and this phenomenon is dependent on homogeneity of liquid lipid in solid lipid during the NLC preparation (17) .
Obviously, at the initial stage, the drug release was slower in SLN compared to NLC and after that, the release profiles of SLN and NLC were almost parallel and their slopes tended to be similar. The faster drug release from NLC compared to SLN could be due to the presence of liquid lipid in the structure of NLC (25) .
In conclusion, both NLC and SLN present a solid lipid matrix, but NLCs are prepared with a mixture of solid lipid and liquid lipid (oil) which increased the drug loading and stability compared to SLN formulations. This also could be due to the creation of a less ordered lipid matrix, by mixing solid lipid and liquid lipid. The major advantage of SLN is the possibility of production on large industrial scale. However, depending on the drug some potential problems can occur, such as drug leakage during storage and insufficient total drug load. Despite these statements, controversial results have been found in the literature about the differences between SLN and NLC (26) . Comparing all nanoparticle formulations indicated that in the present study, the SP-NLCs are better than SP-SLNs in terms of dissolution rates, entrapment efficiency and physical stability.
CONCLUSIONS
It can be concluded that with increasing the proportion of oleic acid in NLC, the average size and zeta potential of nanoparticles decreased significantly. Similarly, the EE increased dramatically due to the presence of interstitial spaces to accommodate the drug particles in the systems. The stability results showed that the particle size remained smaller in NLC compared to that of SLN formulations even after 6 months. The in vitro dissolution study showed about a 5.1-and 7.2-fold increase in the release of the drug in 2 h compared to the raw drug. The effect of stabiliser on preventing aggregation of nanoparticles, both in the SLN and NLC in terms of achieving even longer-term stability can be assessed in the future. 
